Surface modification of titanium(IV) oxide (TiO 2 ) powders with 1,1'-binaphthalene-2,2'-diol (bn(OH) 2 ), having two phenolic hydroxyls and atropisomeric chirality, in refluxed ethanol led to the formation of a deep yellow-colored surface complex, giving visible-light absorption at a wavelength below ca. 550-600 nm.
Introduction
It is generally of great importance to control the activity of TiO 2 photocatalysts by modification of their bulk and/or surface properties in compliance with different needs [1, 2] . One of the intriguing subjects in both academic research and industrial research is development of new TiO 2 -photocatalytic systems with enhanced activities under visible-light irradiation compared with the simply TiO 2 -photocatalyzed processes, since bare TiO 2 can absorb light in the ultraviolet range, which corresponds to only ca. 3% of the energy of sunlight. Several strategies and methods for modifying the optical properties of TiO 2 particles, e.g., doping of a transition metal [3, 4] , plasma treatments [5] and nitrogen doping [6, 7] , have been proposed, and photoactivity under visible-light irradiation has been proved in some limited reactions. Much interest has also been shown in surface modification of TiO 2 with transition metal complexes and/or organic dyes for construction of dye-sensitized photocatalytic systems that work under visible-light irradiation [8, 9] as well as for improvement of the efficiency of dye-sensitized solar cells [10] [11] [12] .
On the other hand, in order to clarify the reaction mechanism of the photocatalytic reaction of organic molecules, structural characteristics of these compounds adsorbed on TiO 2 surface have been extensively investigated using various spectroscopic techniques [13] [14] [15] [16] [17] [18] [19] . In the course of these studies, it was proved that colorless aromatic compounds having phenolic hydroxyls such as catechol and salicylic acid react with TiO 2 particles to form colored surface complexes [15] [16] [17] [18] [19] . Thus, it is expected that a novel visible-light-induced photocatalytic system can be developed by using the photoabsorption of surface complexes on TiO 2 particles. Recently, we have demonstrated that 1,1'-binaphthalene-2,2'-diol (bn(OH) 2 ), having two phenolic hydroxyls and atropisomeric chirality, reacts with TiO 2 and gives a colored surface complex, which works as catalyst for water reduction in the presence of a sacrificial donor under visible-light irradiation [20] .
In this paper, we describe in detail the structural characteristics of the surface TiO 2 -bn(OH) 2 complex and some mechanistic aspects of visible light-induced photoactivity.
Experimental

Materials
Several kinds of titanium oxide (TiO 2 ) powders, those from commercial sources (Degussa P25, Degussa F281, Ishihara ST-01, Ishihara CR-EL, Hombikat UV-100, Showa Denko F-6, and Idemitsu UF), reference catalysts supplied from the Catalysis Society of Japan (TIO-2 and TIO-3), and powders synthesized by the HyCOM method [21, 22] followed by calcination at 573 K under O 2 , were used. The properties of these TiO 2 powders are summarized in Table 1 . Ethanol (Wako), methanol (Wako), triethanolamine (2,2',2''-nitrilotrisethanol, TEOA; Wako), chloroplatinic acid (H 2 PtCl 6 ·6H 2 O, Wako), and 1,1'-binaphthalene-2,2'-diol (bn(OH) 2 , racemate; Aldrich), were used without further purification.
Preparation of bn(OH) 2 -adsorbed TiO 2
In a typical experiment, 0.5 g of TiO 2 powder was suspended in an ethanolic solution of bn(OH) 2 respectively. Liberated hydrogen (H 2 ) was analyzed using a gas chromatograph (GC, Shimadzu GC-8A) equipped with an MS-5A column (GL Sciences) and a TCD detector.
Photonic efficiency, a molar ratio of product (twice the amount of H 2 ) to incident photons, was estimated at 450 nm using a JASCO CT-101T monochromator equipped with a xenon arc. The incident photon flux was estimated using a Molectron POWER MAX5200 laser power meter. To identify the surface species, the amounts of bn(OH) 2 attached to several TiO 2 powders were quantified by elemental analysis of carbon and ash components. Figure 2 shows plots of absorption intensity at 450 nm of bn(OH) 2 adsorption and as is discussed in the following section.
Results and Discussion
Structure of TiO 2 modified with bn(OH) 2
As already reported by several workers [15] [16] [17] [18] [19] , white TiO 2 particles and colloids turn yellow upon immersion in a solution containing phenols such as salicylic acid and catechol. The development of the yellow color is a clear indication of the formation of surface TiO 2 -salicylate and TiO 2 -catecholate complexes, and the absorption bands in the visible range were assigned to intramolecular ligand-to-metal charge transfer transition [18, 19] . Thus, the observed visible-light absorption in the present experiment is attributable to the formation of a surface TiO 2 -bn(OH) 2 complex. According to previous reports on TiO 2 -salicylate and TiO 2 -catecholate surface complexes [16] [17] [18] [19] , there appears to be two different structures of the complex. One structure is formed by chelation of a surface titanium atom with two hydroxyl groups in a bn(OH) 2 molecule ("chelation", a 1:2 adduct) and the other is formed by binding of each phenolic hydroxyl group in bn(OH) 2 to the surface titanium atom ("esterification", a 2:2 adduct), both of which are induced by intermolecular dehydration of surface and phenolic hydroxyls, as shown in Scheme 1.
Although there is no experimental method for discriminating these two possible structures of the surface complex in the samples, the fact that a yellow-colored powder giving a similar absorption spectrum in the visible light range below ca. 550 nm was also obtained by the reaction of TiO 2 with 2-naphthol, which has only one phenolic hydroxyl group (data not shown), suggested that the latter structure ("esterification") could interpret the present results of bn(OH) 2 , but did not exclude the former structure ("chelation"). Further studies for clarification of the structure are now underway.
Previous studies on the quantification of surface hydroxyls (Ti-OH) on TiO 2 by sodium hydroxide titration [26] have shown that the density of Ti-OH is almost constant, ca. 2.5 hydroxyls nm -2 , among several polycrystalline TiO 2 powders except for amorphous samples, which have a relatively high density of Ti-OH, ca. 16 hydroxyls nm -2 [27] .
Assuming surface complexation through dehydration between Ti-OH with the hydroxyl groups in bn(OH) 2 as discussed above and uniform and similar chemical properties of
Ti-OH in TiO 2 samples, a linear relationship between M bn and S, as shown in Fig. 2 , seems quite reasonable for the samples of TiO 2 having almost the same Ti-OH surface density.
Deviation of the Idemistu UF ((g) in Fig. 2 ) is thought to be due to its higher density of surface Ti-OH. From the reciprocal slope of Fig. 2 (lower) , the surface density of bn(OH) 2 on the ordinary polycrystalline samples was estimated to be 0. BET surface area; surface adsorption of nitrogen was measured after evacuation at 383 K, which was > 100 K lower than that for the other TiO 2 samples, to minimize the thermal effect on its structure [28] and at the same time to allow water to remain on the surface.
Thus, a part of the surface of bn(OH) 2 -modified TiO 2 particles remains uncovered with bn(OH) 2 , and it is therefore expected that photoinduced reactions can be driven by bn(OH) 2 -modified TiO 2 with photoabsorption by surface complexes and with redox reactions by photoexcited electrons (or holes) on the unmodified bare surface.
Photoreactivity of platinized TiO 2 modified with bn(OH) 2
Photoinduced reduction of water to produce H 2 from an aqueous solution containing a sacrificial electron donor, methanol or TEOA, was conducted as a test reaction of photoactivity of the bn(OH) 2 observed. Due to the lower solubility of TEOA in water, the concentrations of these two electron donors were different (50 and 10 vol% for methanol and TEOA, respectively), and pH of an aqueous TEOA solution (originally ca. 11) was not adjusted to be neutral.
The electron-donating ability, therefore, can not be discussed on the basis of these results.
It is notable that bn(OH) 2 -modified TiO 2 showed almost the same or an even slightly higher rate than that of unmodified TiO 2 in the aqueous methanol suspension, suggesting negligible or at most only partial coverage of the surface of Pt particles by bn(OH) 2 . On the other hand, when TEOA was used as a sacrificial electron donor, the H 2 -liberation rate was halved by the bn(OH) 2 modification. It was presumed that access of TEOA, the size of which is much larger than that of methanol, to the bare (not covered with bn(OH) 2 ) surface was restricted. In a TiO 2 -photocatalyzed reaction using photoexcited electrons and positive holes in TiO 2 , adsorption of a reaction substrate such as TEOA on bare TiO 2 is required. (Fig. 1 ), no appreciable liberation of H 2 from unmodified TiO 2 was detected [20] . The total amount of evolved H 2 after 80 h of irradiation reached more than 40 µmol.
Since the amount of bn(OH) 2 on 50 mg of TIO-3 was estimated to be 2 µmol (corresponding to 24 µmol of H atoms based on the assumption of the structure shown in Scheme 1), the total H 2 yield was more than 20-times greater than the molar amount of bn(OH) 2 , indicating that the photoinduced reaction proceeded catalytically. It is also notable that the rate of H 2 production decreased gradually. This may be due to decomposition or leaching of the surface complex during the reaction. At present, however, there is no experimental evidence to elucidate the decrease of adsorbed bn(OH) 2 , mainly because of the interference by Pt deposits, which causes greatly reduced diffuse reflection and difficulty in evaluating DR spectra with high accuracy and reproducibility. In the second run of irradiation after Ar bubbling to purge liberated H 2 and other volatile compounds such as ammonia, the initial rate (0.65 µmol h -1 ) was less than half of that in the first run (1.7 µmol h -1 ) but was more than 30% higher than the rate in the final stage of the first run (0.48 µmol h -1 ). These facts indicate that accumulation of a volatile by-product(s) accounts at least partly for the deactivation during the course of irradiation.
Under visible-light irradiation, negligible H 2 liberation was observed when methanol was used as a sacrificial electron donor instead of TEOA even at high pH (similar to the TEOA solution), though methanol worked efficiently when TiO 2 was photoexcited under ultraviolet-light irradiation (see Fig. 3 ). liberation required irradiation at a wavelength of < 580 nm; no H 2 was produced under photoirradiation at a wavelength longer than 580 nm. This wavelength dependence corresponded to photoabsorption of TiO 2 -bn(OH) 2 complexes shown in Fig. 1, i. e., the observed visible light-induced H 2 liberation was derived from photoexcitation of the surface bn(OH) 2 complex on TiO 2 . Figure 6 shows dependence of the rate of H 2 liberation on the amount of Pt deposits for bn(OH) 2 -modified TiO 2 (TIO-3). No H 2 liberation was observed in the absence of loaded Pt. The highest activity of ca. 7 µmol h -1 was observed when 0.1 wt% of Pt was deposited on TiO 2 (TIO-3), and the photonic efficiency of this powder was estimated to be ca. 0.02% [20] . Further loading reduced the activity, presumably due to reduction of photoabsorption by the bn(OH) 2 surface complex and/or enhanced deactivation of the photoexcited complex. A previous study on characterization of Pt deposits on P25 TiO 2 powder [29] revealed that the optimum Pt deposition for P25 (0.1 wt%), the surface area of which is similar to that of TIO-3, corresponds to the minimum amount of Pt loading required to distribute at least one Pt deposit (ca. 2 nm) on each HyCOM with 1 wt% of Pt, respectively [20] . Although the activity of these samples is thought to depend on the amount of Pt loading, similar to that in Fig. 6 , and although the amount of Pt deposits for these samples has not been optimized, a comparison of the trends in H 2 liberation rates for the three samples with those of M bn (Fig. 2) indicates that there are no simple proportional relations between them. The relatively lower activity of ST-01, consisting of less crystallized anatase particles, i.e., having a larger number of defects, in spite of larger M bn , suggested the importance of crystallinity of TiO 2 , as has been reported for the photocatalytic activity of platinized TiO 2 for dehydrogenation of alcohol [22] . In the presumed mechanism, as discussed in the following section, photoexcited electrons in the surface bn(OH) 2 complex are injected into TiO 2 and migrate in TiO 2 to reach the Pt deposit, and the crystallinity governs the efficiency of the electron migration. Anyway, highly active photocatalytic systems are to be constructed by selection of suitable TiO 2 .
As suggested in the preliminary paper [20] , visible light-induced H 2 evolution is thought to proceed through a sensitizing mechanism initiated by excitation of the surface complex by visible light followed by electron injection into the conduction band of TiO 2 .
Such a surface charge transfer has been studied and has been confirmed for a 
Conclusions
The present study has shown that derivatization of a semiconductor surface with a simple aromatic compound as a complexation reagent can induce a visible-light-induced photocatalytic ability. Although a similar photosensitized water reduction system, which includes a surface complex between TiO 2 and 8-hydroxylquinoline, has been demonstrated [31] , the present system, proved to drive a photocatalytic reaction under visible-light irradiation, can be further extended. In the present study, we used only a racemate of bn(OH) 2 
